The first several months of life are a critical period for neuronal plasticity in the visual cortex, during which anatomical and physiological development depends upon visual experience. Rearing in darkness slows the time course of this critical period, such that at 5 weeks normal cats are more plastic than darkreared cats, while at 20 weeks dark-reared cats are more plastic. This study reports the identification of a subset of mitochondrial genes that are regulated in this manner. Opponent patterns of bidirectional expression were found: several genes (ATPase 6, cytochrome b, NADH dehydrogenase subunits 4 and 2) showed elevation in normal cats at 5 weeks and in dark-reared cats at 20 weeks ("plasticity" genes); others (NADH dehydrogenase subunits 3 and 5) showed the opposite ("anti-plasticity" genes). These findings add a new dimension to the growing evidence that changes in mitochondrial gene expression are involved in the neuroplastic response.
Growing evidence indicates that mitochondrial genes, often dismissed as housekeeping genes in the brain, play significant roles in neuronal function (1) . Mitochondria have been implicated in neuronal apoptosis (2, 3) as well as several neurological disorders including Parkinson's disease (4 -6) . Mitochondria also play an important role in calcium homeostasis (7, 8) and pharmacological studies have indicated that mitochondrial calcium release is essential for synaptic plasticity induced by posttetanic potentiation (9) .
In the visual system, the expression of several mitochondrial genes has been shown to be responsive to visual input (10, 11) . The present report provides evidence from differential display PCR that the expression of specific mitochondrial genes is regulated in close association with the state of critical period neuroplasticity in visual cortex. The cat visual cortex is a particularly illustrative model for understanding neural development and plasticity at the molecular level. In the cat, the geniculo-cortical pathway is very immature at birth in terms of both its anatomy and physiology. Over the next several months these loosely established anatomical and physiological characteristics are stabilized under the guidance of visual experience. An outstanding characteristic of this developmental phase is plasticity, that is, the capacity for anatomical and physiological development to be altered by visual experience (see 12, for review). The clearest demonstration of such environmental effects is to rear cats with one eye sutured closed, a condition that leads to dramatic anatomical and physiological alterations (12, 13) . Visual cortex is susceptible to monocular deprivation (MD) only during a "critical period" of postnatal life. In cats, susceptibility to MD is absent until about 3 weeks, peaks at 4 -5 weeks, then gradually declines to low levels at 5 months and disappears at about 1 year of age (13) .
Rearing in total darkness slows the entire time course of this critical period and prolongs neuronal plasticity far beyond its normal age limits (14, 15) . Dark rearing, therefore, provides a means to dissociate changes associated with the state of visual cortical plasticity from changes associated from the general maturation of the animal. It is an ideal system for isolating changes in gene expression involved in controlling neuronal plasticity.
Electrophysiological results indicate that the effect of dark rearing is to slow the entire time course of the critical period, such that at young ages (5 weeks) normal cats are more plastic than dark reared cats, while at later ages (20 weeks) dark reared cats are more plastic (16, 17) . Thus, a stringent criterion is that genes that are important for plasticity in visual cortex will show differences in expression between normal and dark-reared cats that are of opposite direction in young versus older animals.
MATERIALS AND METHODS
Animals. Cats were reared in a normal 12 light/dark cycle or in complete darkness from birth to 5 or 20 weeks of age. For each of the 4 age/rearing conditions (normal (N) 5 week old, dark reared (D) 5 week old, N20 week old, D20 week old), 2 animals were used to reduce inter-animal variability and false positives. The animals were sacrificed by an overdose of sodium pentobarbital (75 mg/kg i.p.). These procedures conform to the guidelines of the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee. Fresh brain regions (all of Area 17 and possibly a small part of 18) were dissected, immediately frozen in liquid nitrogen, and stored at Ϫ80°C until used for extraction of total RNA.
Differential display PCR. PCR on cDNA generated from each independent RNA sample was done using the appropriate oligo-dT-X (oligo-dT-C; dT-G; dT-A) primer and 80 arbitrary primers as provided in a commercially available kit (GenHunter Corp.). The radiolabeled PCR products ( 33 P-dATP) were size separated on a standard DNA sequencing gel (6% acrylamide, 8M urea) to generate 8 lanes (2 cats ϫ 4 age/rearing conditions) for each arbitrary primer (Fig. 1) . The gel was dried and processed for film autoradiography. PCR products showing appropriate differential expression due to age and rearing were recovered by cutting from the gel. The PCR products were amplified in a PCR using the same primers as in the ddPCR, then cloned for use in sequencing and as probes for Northern blots (see below). Because ddPCR bands frequently contain more than one gene fragment, multiple clones from each ddPCR band were sequenced. The resultant sequences were run against gene and est databases to determine similarity to known genes.
Northern analysis. The inserts of interest were then used for Northern blotting to confirm differential expression. Filters with lanes from all experimental conditions ( Fig. 2) were hybridized using these probes according to our standard procedures (18) . The filters were also rehybridized with a probe to GAPDH (after stripping) to correct for loading errors. For GAPDH hybridization, a human cDNA clone inserted in pBR322 vector was obtained from the American Type Culture Collection (ATCC 57090). The probe was synthesized from an 800-bp XbaI-PstI fragment of the cDNA. The relative intensity of signals in Northern blots was determined by densitometric scanning. Signals in each lane were normalized against GAPDH mRNA. The relative amounts of mitochondrial mRNA for each age and rearing condition are given in Table 1 .
RESULTS AND DISCUSSION
We have completed a differential display PCR (ddPCR) screening of all of the expressed genes in the visual cortex of normal (N) and dark-reared (D) cats at 5 and 20 weeks to identify genes that are differentially expressed according to the above stringent criterion for candidate genes important in neuronal plasticity. A manageable set of candidate plasticity genes (approximately 25) has been identified, including a subset of unambiguously identified mitochondrial genes. Figure 1 shows ddPCR results for two different primer pairs and indicates two distinct patterns of differential expression. One pattern is an elevation in N cats at 5 weeks and in D cats at 20 weeks. These genes ("plasticity" genes) are increased in expression by age/rearing condition combinations where neuronal plasticity is highest. The other pattern is the opposite: elevated expression in D cats at 5 weeks and in N cats at 20 weeks. These genes ("anti-plasticity" genes) show decreased levels of expression in age/rearing conditions where plasticity is highest and elevated expression in conditions where neuronal plasticity is reduced. The finding of these inverse patterns of expression fits with current thinking that a balance between activator and suppressor genes controls neural plasticity (19) .
Cloning and sequencing of the ddPCR fragments in the upper and lower bands of Fig. 1 revealed two mitochondrial gene fragments: ATPase 6, "plasticity" profile (upper) and NADH 3, "anti-plasticity" profile (lower). Several other mitochondrial genes were also identified in this screen as showing either a "plasticity" or an "anti-plasticity" profile. Table 1 summarizes results for all of the mitochondrial genes identified by ddPCR screening. A subset of mitochondrial genes including ATPase 6, cytochrome b and NADH dehydrogenase subunits 2, 3, 4, 5 was detected and all showed over 94% sequence identity with cat mitochondrial genes in the database (20) . Within this subset, distinct genes showed either the "plasticity" or the "antiplasticity" pattern of differential expression. Northern blotting confirmed differential expression of mitochondrial genes (Fig. 2) and the results are summarized in Table 1 . The ATPase 6 gene shows a particularly robust "plasticity" pattern in Northern blots with a N/D ratio of 3.3 at 5 weeks and a D/N ratio of 2.4 at 20 weeks. NADH 3, on the other hand, showed an "anti-plasticity" pattern with a N/D ratio of 0.5 at 5 weeks and a D/N ratio of 0.5 at 20 weeks. Thus, although the ATPase 6 and NADH 3 mRNAs are derived from single polycistronic transcript (20) , they display differences in their steady-state levels that result in either "plasticity" or "anti-plasticity" patterns, respectively. These differences in patterns of expression are not specific to a particular mitochondrial complex since mRNAs encoding subunits 2 and 4 of the NADH dehydrogenase complex exhibit "plasticity" profiles whereas mRNAs encoding subunits 3 and 5 show an "antiplasticity" pattern ( Table 1) .
The differential expression of these mitochondrial genes across the age/rearing combinations examined is difficult to explain in terms of the level of respiratory activity. Dark rearing reduces the responsiveness of visual cortical neurons in both young and older cats (15, 21) . If the expression of these mitochondrial genes simply reflected neuronal activity level and metabolic demand, it would be expected that dark rearing would reduce expression in both young and old cats. On the contrary, the present results indicate that dark rearing bidirectionally up and down regulates the expression of specific mitochondrial genes in young versus older animals. The finding that different mitochondrial genes show "plasticity" and "anti-plasticity" expression patterns is also inconsistent with a model where the involvement of mitochondria gene expression in neuronal plasticity is related to generalized effects on respiratory activity.
The effects of dark rearing on mitochondrial gene expression match its effects on the physiological plasticity of visual cortical neurons, indicating a relation between expression of these genes and neuronal plasticity. Mitochondrial genes have been identified in various differential gene expression analyses of manipulations of the central nervous system. A unique aspect of the present results is the demonstration that different mitochondrial genes, notably different subunits of NADH dehydrogenase, showed opposite "plasticity" or "anti-plasticity" expression patterns. Thus, the relative balance of mRNAs encoding NADH subunits changes with the level of neuronal plasticity. Since all of the mRNAs examined here are derived from the same primary transcript (20) , the changes in steady-state levels must occur through post-transcriptional mechanisms, perhaps through changes in mRNA stability (23) . The physiologically relevant model utilized here may prove useful for understanding these post-transcriptional mechanisms.
The extent to which these changes in the level of mitochondrial mRNAs alter the expression of the proteins they encode remains to be determined. Bai et al. (24) have shown that a 40% decrease in the mRNA 
FIG. 1.
Portions of sequencing gels showing ddPCR products that are differentially expressed in normal (N) versus dark reared (D) cat visual cortex at 5 and 20 weeks of age. Top: a fragment identified by sequencing to be ATPase 6 is expressed more highly in normal cats at 5 weeks and dark-reared cats at 20 weeks ("plasticity" pattern). Bottom: a fragment identified by sequencing to be NADH subunit 3 is expressed more highly in dark-reared cats at 5 weeks and normal cats at 20 weeks ("anti-plasticity" pattern). Arrows indicate differentially expressed bands. Independent RNA samples from two cats at each age/rearing condition were run together (8 lanes) to help screen out false positives.
encoding NADH5 results in little change in the amount of protein produced. This observation presumably reflects competition among mitochondrial mRNAs for limiting components of the translational machinery and suggests that certain mRNAs exceed a threshold of expression needed for efficient competition with other mRNAs for translation. The changes in the steadystate levels of several different mitochondrial mRNAs reported here, with some increasing and others decreasing could, however, change the patterns of proteins synthesized by altering the competitive environment within the organelle.
The observation that mRNAs encoding subunits within a particular complex show either "plasticity" or "anti-plasticity" profiles raises the possibility that individual subunits may have functions apart from their roles as components of a respiratory complex and that it is these other roles that may contribute to neuronal plasticity. A case in point relates to the differences found between mRNAs encoding subunits 4 and 5 of the NADH dehydrogenase complex. These two subunits interact and form a subcomplex within the larger enzyme (22) . In going from conditions of low plasticity to high plasticity the level of NADH 4 mRNA increases while NADH 5 decreases. Thus, there may be an excess of subunit 4 to subunit 5 in conditions of elevated plasticity. In this context, it is noteworthy that NADH subunit 4 has been reported to function as a channel or transporter when expressed apart from subunit 5 (25) . One could therefore speculate that when a neuron is in the plastic state, a surplus of specific NADH subunits becomes available and this could alter the transport properties of mitochondrial membranes. Altered transport, in turn could affect other processes important for the neuroplastic response, such as calcium homeostasis. An alternative explanation for the present data is that the changes in mitochondrial gene expression reported here reflect changes within mitochondria brought about by the neuroplastic response. Changes in ion concentration resulting from signaling pathways that sequester or release ions from the organelle could influence mitochondrial gene expression by altering the local environment within the organelle. Whether the changes in mitochondrial gene expression reported here are involved in the plastic response itself or are a reflection of changes within the organelle secondary to the primary neuroplastic response elsewhere in the cell remains to be determined.
